The co-existence of multiple genotypes in colonization by Staphylococcus aureus has not been fully investigated. The aim of this study was to evaluate the heterogeneity of S. aureus carriage in children. We evaluated 125 nasal and perianal swab samples that were positive for S. aureus from 76 children scheduled for elective surgery. For each sample, at least four colonies with the same or different morphotypes were selected for analysis. Multiple-locus variable-number tandem-repeat fingerprinting was used to determine the genetic relatedness and to characterize the clonality of the S. aureus strains. Of the 125 swabs, 91 (73 %) contained meticillin-sensitive S. aureus (MSSA), 8 (6 %) contained meticillin-resistant S. aureus (MRSA), and 26 (21 %) contained MSSA and MRSA simultaneously. A total of 738 S. aureus strains were evaluated with a mean of 6 colonies (range 4-15) picked from each culture. Of the 125 swabs, 32 (26 %) samples contained two genetically distinct S. aureus strains and 6 (5 %) contained three different genotypes. Multiple S. aureus strains simultaneously carried by individual children were genetically unrelated to each other. We concluded that the co-existence of multiple genotypes of S. aureus was common. The significance of multiple carriage is yet to be determined, but this intraspecies interplay could be important to pathogenicity and virulence in S. aureus.
INTRODUCTION
Staphylococcus aureus is an important pathogen responsible for a wide range of clinical entities from asymptomatic colonization to invasive and life-threatening infections. Carriage of S. aureus has been associated with subsequent infections, especially surgical site infections (Herwaldt, 2003; Wenzel & Perl, 1995) , and a variety of other clinical conditions (Keene et al., 2005; Niven et al., 2009; Von Eiff et al., 2001) . Studies have revealed that among individuals with S. aureus infections, the infecting strains were indeed genetically identical or related to the carriage strains (Keene et al., 2005; Kreft et al., 2001; Von Eiff et al., 2001) .
Two studies have reported the carriage of multiple subtypes of meticillin-resistant S. aureus (MRSA) in sequential cultures from adult patients during their stay in an intensive care unit (Bloemendaal et al., 2009; Lim et al., 2006) . However, Bloemendaal et al. (2009) did not look at multiple colonies within the same S. aureus positive swabs. Therefore, it was uncertain whether these episodes were polyclonal as a result of multiple clones simultaneously colonizing patients, or acquisition of different MRSA strains over time. Lim et al. (2006) studied MRSA carriage at various body sites and found that multiple subtypes can be carried simultaneously at different sites by a single patient. Simultaneous carriage of more than one genetically distinct S. aureus isolate was also reported in groups of paediatric patients with certain medical conditions, such as cystic fibrosis and atopic dermatitis (Goerke et al., 2007; Lomholt et al., 2005) . However, the frequency of concurrent colonization with multiple genotypes among otherwise healthy children has not been investigated.
We previously described the carriage of S. aureus in a cohort of 499 children scheduled for elective surgery (Vegunta et al., 2009) . A total of 36 % of the children carried S. aureus, of which 76 % were MRSA, but surgical site infections occurred in only 2 % of procedures. In the laboratory, we noticed some inconsistent phenotypic and genotypic results of S. aureus within a number of cultures from the same individuals, including differences in antimicrobial susceptibility pattern and the presence or absence of Panton-Valentine leukocidin genes and/or erm genes determined by PCR detection. This led us to look for multiple clones of S. aureus carried by individual patients. The aim of this work was to evaluate the genetic diversity among S. aureus carriage isolates with regard to the frequency of carriage by single or multiple strains.
METHODS
Sample selection. The bacterial isolates and culture swabs in this work were selected from those collected in our prospective study of MRSA colonization in 499 children scheduled for elective surgery (Vegunta et al., 2009) . Nasal swabs were obtained at the presurgical outpatient visit (visit 1) and at the time of operation (visit 2); a perianal swab was also obtained at the time of the operation. There were 229 children who had nasal samples collected at both time points; 74 had at least 1 positive culture. Of these, 33 had cultures positive at only one visit, and 41 had cultures positive at both visit 1 and 2. We chose to study the samples from these 74 children to look for co-carriage of multiple genotypes, and to examine the samples from the latter subset of 41 children to assess possible strain replacement over time. In addition, we examined S. aureus strains from 8 children who had positive cultures from both nasal and perianal swabs to assess the cocarriage of multiple genotypes at different body sites (6 were in the group of 74 children and 2 others were from the group of children who each had only 1 nasal swab obtained).
Bacterial cultures. The culture collection consisted of bacterial isolates, which were kept in egg-based media, and an aliquot of the swab cultures, which was kept in medium containing skimmed milk, tryptone, glucose and glycerin (STGG) at 280 uC (Gray, 2002) . The selected cultures were inoculated on Columbia CNA (colistinnalidixic acid) with 5 % sheep blood agar plates to obtain wellseparated colonies. After 24 h incubation at 35 uC, growth characteristics and colony morphologies (shape, size, margin, texture and degree of haemolysis) were assessed. The plates were then kept at room temperature and reassessed 24 h later by the same observer to increase visual recognition of different colony types. For each S. aureus-positive swab sample, at least four colonies with different morphotypes were selected (Coen et al., 2006) . If the colonies on a plate looked alike, four colonies were randomly selected. Selective S. aureus agar (BBL CHROMagar Staph aureus; BD Diagnostics) and Staphaurex latex agglutination tests (Remel) were used to identify S. aureus. Hereafter, an individual bacterial colony collected from each swab sample is referred to as a 'strain'. All strains were subjected to further molecular analysis.
Selection of MRSA isolates. Detection of meticillin resistance was performed using the 30 mg cefoxitin disc diffusion test. Using a loop, colonies were scraped from the heavy inoculum in the first quadrant of the Columbia CNA with 5 % sheep blood agar plate. This approach was mainly used to increase the likelihood of MRSA detection. A suspension was prepared to a 0.5 McFarland standard and plated on Mueller-Hinton agar. The resistance and susceptibility breakpoints for detecting meticillin resistance were ¡21 and ¢22 mm, respectively. Because a single colony was not used, to avoid misleading results due to specimens possibly containing a mixture of meticillin-resistant staphylococci (S. aureus and coagulase-negative staphylococci), meticillin-resistant isolates were subcultured on CHROMagar Staph aureus to isolate single colonies and confirm the identification as S. aureus.
Molecular characterization of S. aureus. DNA was extracted as described by Paule et al. (2004) . All strains underwent confirmatory PCR analysis for the mecA gene and for the S. aureus-specific nuc gene (Zhang et al., 2004) . In this study, mecA PCR was accepted as the 'gold standard' for meticillin resistance. Multiple-locus variablenumber tandem-repeat fingerprinting (MLVF) was performed using the primer sets described by Sabat et al. (2006) . However, to minimize the non-specific bands amplified in the multiplex PCR assay, PCR was performed in three separate reactions containing primer sets for clfA and clfB, sdrCDE, sspA and spa, respectively. Amplified products from each reaction were mixed to a 10 ml final volume and separated using 1.5 % agarose gels. MLVF patterns were analysed using GelCompar II software (Applied Maths) using the following parameters: optimization, 0.5 %; position tolerance, 1.25 %. Fingerprinting patterns were clustered, and a dendrogram was generated using the Dice coefficient and UPGMA. Clusters were defined as strains with ¢70 % genetic relatedness on the dendrogram (Karynski et al., 2008) .
Statistical analysis. The P value for differences was calculated with Student's t-test. Statistical significance was defined by a P value of less than 0.05.
RESULTS
A total of 41 children had cultures positive for S. aureus at both the presurgical outpatient visit (visit 1) and at operation (visit 2), and 33 children had only one culture positive for S. aureus. The mean interval between the two sampling times was 13.7 days (range 1-62 days) among children whose paired nasal samples were both positive, and 15.3 days (range 6-52 days) among children who had only one nasal sample positive. Only 8 children, of 360 who had paired nasal and perianal cultures collected, had positive cultures for both nasal and perianal samples.
S. aureus carriage and clonality
To determine the clonality of S. aureus carriage, a total of 738 S. aureus strains were evaluated. The mean number of colonies picked from each swab sample plate was 6 (range 4-15). Of the total of 125 swab samples positive for S. aureus, 91 (72.8 %) swabs contained meticillin-sensitive S. aureus (MSSA), 8 (6.4 %) swabs contained MRSA, and 26 (20.8 %) swabs contained MSSA and MRSA simultaneously. Among the MSSA strains, MLVF identified a total of 80 distinct patterns. A dendrogram constructed with MLVF using the UPGMA algorithm with a 70 % similarity index identified 39 clusters, as shown in Fig. 1 . Among MRSA strains, a total of 16 distinct MLVF patterns were defined, and 7 clusters were generated, as shown in Fig. 2. Of the 125 S. aureus positive swab samples, 87 (69.6 %) samples contained only one genotype, whereas 38 (30.4 %) samples contained two or more genetically distinct S. aureus isolates. Of these, 32 (84.2 %) contained two different genotypes, and 6 (15.8 %) contained three different genotypes. The age distributions of children who carried multiple S. aureus strains simultaneously and those who carried a single genotype were similar with means of 5.7 and 5.1 years of age, respectively (P50.56). Of the eight children who had positive cultures for both the paired nasal and perianal samples, six had paired nasal and K. Mongkolrattanothai and others perianal samples obtained simultaneously prior to the surgery; the other two had paired samples obtained 6 and 13 days apart, respectively. The results of S. aureus genotyping in paired nasal and perianal samples were concordant in only three children.
S. aureus genotypes in successive samples
The group of 41 children who had paired nasal samples positive for S. aureus at visit 1 and 2 was examined to determine the genotypes of successive samples. Nineteen (46 %) children had identical patterns of S. aureus genotypes in successive nasal samples. Of these, 17 carried a single genotype of MSSA, 1 carried a single genotype of MRSA and 1 carried 2 distinct genotypes of MSSA. The mean interval between the two specimen collections was not significantly different between the groups of children in whom change in genotypes was detected and those without a change in genotypes (P50.52). 
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Journal of Medical Microbiology 60 MRSA, two had the same MRSA genotype detected in both samples and one acquired MRSA in the subsequent sample. Despite the findings of either MRSA strain replacement or loss or acquisition of MRSA, 80 % (12 of the 15) apparently had an identical MSSA detected from both initial and subsequent samples.
DISCUSSION
In this study we investigated the heterogeneity of S. aureus colonizing isolates. Of the 125 swab samples that were positive for S. aureus, 30 % of samples contained multiple genotypes. Previously, Cespedes et al. (2005) reported that 7 % of S. aureus colonized individuals carried more than one strain based on their mathematic model analysis. Our results show that polyclonality is more common than originally thought. Based on MLVF pattern analysis, we found that multiple S. aureus strains were carried simultaneously by individual children. These strains were genetically unrelated to each other and likely to be the result of multiple strain acquisitions. In children who carried both MSSA and MRSA, we did not detect isogenic MSSA and MRSA strains, i.e. genotypically identical but differing in meticillin susceptibility that could suggest a horizontal gain or loss of the SCCmec element.
Our study provides a picture of the diversity and dynamics of S. aureus carriage viewed over a short time span, with a mean interval of 2 weeks between sequential cultures. Our findings are in agreement with other studies (Lebon et al., 2008) suggesting that S. aureus carriage is a dynamic process involving persistent or transient carriage, loss of strains followed by the acquisition of new strains, and co-carriage of pre-existing strains and new strains. Interestingly, of the 41 children who had paired positive nasal samples, 54 % harboured a different pattern of S. aureus genotypes in successive nasal samples. It is unclear why our patients had such a high degree of clonal diversity in successive samples. It is tempting to speculate that the presence of an established strain increases the competitive demands on any new strains, such that they have more difficulty maintaining colonization or are more easily displaced by yet other new strains. Over time, we might expect some equilibrium among competing strains, probably modulated by host immune factors. Our brief period of observation may have been too short a time to arrive at any balance among strains.
The hypothesis that colonization with multiple strains could enhance the potential for horizontal gene transfer was offered as a possible explanation for the observation of acquisition of new virulence determinants . It is also possible that such heterogeneity could place constraints on the bacteria, since bacterial competition is a major ecological interaction and fundamental to the survival of those organisms. Several studies have reported that the carriage rate for S. aureus was significantly lower among subjects with simultaneous carriage of coagulase-negative staphylococci or carriage of corynebacterial species (Lina et al., 2003; Uehara et al., 2000) . However, less is known about intraspecies interactions between MSSA and MRSA, and both share the same receptors for adhesion to epithelial cells.
Recently, Dall'Antonia et al. (2005) reported that nasal colonization with MSSA has a protective effect against colonization with MRSA. However, Dall'Antonia and colleagues did not determine the genotypes of those S. aureus isolates, and thus the MRSA strain co-carried with MSSA could have been the same S. aureus strain with a different degree of phenotypic resistance to meticillin (Kampf, 2005) . Here, we were able to show that cocolonization with clonally distinct MSSA and MRSA truly exists. When we examined consecutive and co-colonizing isolates in subjects carrying both MSSA and MRSA, we observed that 56 % had only temporary MRSA cocolonization, and 31 % had MRSA strains replaced by another distinct genotype. In contrast, MSSA strains generally remained constant. Our data may lend support to the idea that colonization with MSSA has a protective effect against colonization with MRSA. Alternatively, the fact that MRSA was not detected from subsequent samples could be due to the transient nature of MRSA carriage.
Several limitations should be addressed. One could argue that the use of MLVF to determine genetic relatedness may have identified isolates as belonging to different strains that would have been identified as belonging to the same strain if PFGE were used to type the S. aureus isolates (Hsu et al., 2006; Stone et al., 2008) . The MLVF method is based on the analysis of the five tandem-repeat loci, which are highly polymorphic and rapidly evolving regions. However, several studies have shown that MLVF is a typing method with adequate discriminatory power to differentiate among strains that were not distinguishable by PFGE (Moser et al., 2009; Tenover et al., 2007) . Another limitation is the lack of data on other potential factors that may influence the rate of acquisition or the source of clonal diversity, such as overcrowded family conditions or colonized family members. Lastly, the relative numbers of co-colonizing strains were not determined quantitatively to see which strain appeared to be dominant within the population.
In conclusion, our study shows that co-existence of multiple genotypes of S. aureus in a single specimen was a common finding. Studies that examine only a single colony, or just a few colonies, from each culture may underestimate the true rate of carriage of multiple genotypes. Although the clinical significance of multiple genotypes remains unclear, there is a possibility that co-colonizing could influence the pathogenicity and virulence of S. aureus strains. Understanding this intra-species interplay may reveal the effects of competing clones on their pathogenic potential and yield insights on strategies for disease prevention.
